Abstract-Salinity gradient power (SGP) between fresh river water and sea water is a form of renewable energy with huge potential but not well explored. This paper presents a feasibility study on energy harvesting of SGP based on: 1) the use of reverse electrodialysis (RED) stack, and 2) the combined use of harmonicsboosted resonant inverter and multistage diode-capacitor step-up converter. The properties of an RED stack have been characterized into steady-state ac and dc equivalent circuit models for power converter design for the first time. The gains of the resonant inverter and diode-capacitor step-up converter are also optimized for maximizing the energy efficiency. An RED stack prototype comprising multiple alternating anion and cation exchange membranes with an area of 0.01 m 2 each has been constructed. The dc output voltage of 2-3 V from the RED stack has been stepped up to be over 155 V. This study has confirmed that energy can be harvested with a membrane power density of at least 1.4 W/m 2 , a power converter's efficiency exceeding 85%, and a voltage gain of 67.3 times.
Reverse Electrodialysis Energy Harvesting System
Using High-Gain
Step-Up DC/DC Converter [2]- [4] . Furthermore, a broad range of water sources, including high salinity water streams from the desalination plant, treated waste water effluent, and industrial cooling water, can be added into this energy source [4] . An important technology for extracting the SGP is the reverse electrodialysis (RED) stack, which is shown in Fig. 1 . In an RED stack, a specific number of cation exchange membranes (CEM) and anion exchange membranes (AEM) are alternatively piled, forming the concentrated solution compartments and dilute solution compartments [2] . Positively charged ions and negatively charged ions are transported selectively through the ion exchange membranes in opposing directions [5] . In this process, an electrical potential is established from the chemical potential, and is then converted to electricity through the redox reactions on the electrodes [6] . For the RED stack, the electricity produced is of DC power form and exists at a relatively low level (normally from a few volts to a few tens of volts). For the plant pilot-scale RED stack reported in [7] and [8] , the output voltage are around 6 V and 20 V. For a smaller-scale implementation or that of the laboratory-scale, the output voltage is much lower. Up to now, the optimal output voltage of the RED stack has not been determined. To harvest the energy from the RED stack to feed an AC grid or the pump driver system of the plant, a frontend high-gain step-up DC/DC converter is required. Various types of topologies have been proposed as potential means of high step-up DC/DC converters [9] - [18] . For transformerbased or coupled-inductor-based converters, high voltage gain of the converter can be easily achieved by adopting large turns ratio [10] , [11] . For applications that require electrical isolation, transformer-based converter will be a promising solution. However, transformer-based or coupled-inductor-based converters experience issues caused by the leakage inductance, such as high voltage spikes on the switches [13] , which necessitates highervoltage-rated switches, voltage-clamp circuits [20] or snubber circuits [21] that will degrade converters' efficiency. Switchedcapacitor converters are well-known for their high power density as they do not contain any magnetic components [14] . However, to achieve a high voltage gain, a large number of capacitors and power switches are required, which greatly increase the cost of the converter [12] , [15] . Apart from these topologies, one solution is to utilize a high-switching-frequency resonant inverter that is followed by a rectifier to achieve the high-voltage-gain DC/DC conversion [16] - [19] . The resonant nature of the converter makes it possible to achieve low switching loss despite a high switching frequency, which is beneficial for simultaneously attaining high efficiency and high power density [22] . However, this type of converter typically requires precise tuning of its parameters. Since each type of topology has its own advantages and shortcomings, the converter topology should be selected based on the applications and the electrical characteristics of the specified RED stacks.
To harvest energy from RED stack using a high-gain step-up DC/DC converter, various issues such as the maximum power extraction, prevention of harmonics injection, and electrical characteristics matching, need to be resolved. Thus, an optimal design of the RED system (RED stack connected with high-gain step-up DC/DC converter) is required, which is still relatively unknown. The existing literature on RED stack has largely focused on novel ion exchange membranes [24] , [25] , RED stack configuration, and process development [26] , [27] and optimization [28] , [29] . The electrical characteristic of the RED stack is not well explored, which also gives a challenge for the design of the RED system. In this paper, the RED system is characterized into its steady-state AC and DC equivalent circuit models for design. The contributions of this paper include: for the first time, (1) the AC impedance of the RED stack is measured and its AC electrical characteristic is explored; (2) the steady-state DC and AC equivalent circuit models of the RED system are derived; and (3) a design demonstration of a specified RED system involving an extremely high-gain step-up DC/DC converter with high efficiency is reported.
II. CONFIGURATION AND DESIGN ISSUES OF THE PROPOSED RED SYSTEM
The proposed RED system comprises an RED stack and a high step-up DC/DC converter. It can be readily connected to an inverter for AC power provision to the grid or pump driver system, as illustrated in Fig. 2 . Some available solutions for the inverter stage can be found in [30] . The inverter stage will not be discussed in this paper.
To ensure an optimal design of the RED system, other than ensuring that the high step-up DC/DC converter achieves a high efficiency, another important aspect is maximizing the harvested energy from RED stack. This is possible only if proper design of the high step-up DC/DC converter with regards to the characteristics of the adopted RED stack can be established. The characteristics of the RED stack (such as the power curve, the polarization curve, and the impedance curve) must be considered in the design of the RED system. The polarization curve and the power curve present the output voltage and the output power of the RED stack under different load current levels. They specify the requirements for the input voltage, the power rating and the voltage gain of the converter, and further determine the parameters' design and the components' choice. The impedance curve presents the AC impedance of the RED stack versus different frequencies. It is needed for the design of the buffer capacitor of the DC/DC converter, in order to minimize the harmonic currents from being injected from the converter into the RED. This is important because the injected harmonic currents will affect the operation and life time of the RED stack. A buffer capacitor C in can be inserted in between the RED stack and the DC/DC converter to prevent harmonic current from being injected into the RED stack. A larger buffer capacitor can handle a higher ripple current at the expense of a lower power density. The tolerance of the current ripple should be taken into account in the process of capacitor's selection.
III. DESIGN METHODOLOGY OF THE RED SYSTEM
To let the proposed RED system work well and efficiently, the design of the RED system should achieve following objects: (a) extracting maximum or near maximum power (over 99% of the maximum output power) from the RED stack; (b) meet the DC link voltage rating requirement (the voltage gain of the high step-up converter should be high enough); (c) the voltage rating and power rating of the converter matches the electrical characteristics of the RED stack; (d) prevent excessive harmonics current being injected into the RED stack. For conditions (a), (b) and (c), they can be met by applying the DC equivalent circuit of the RED system based on the information of polarization curve and power curve of the RED stack. For condition (d), it can be met by applying the AC equivalent circuit model of the RED system based on the information of internal impedance curve of the RED stack.
A. DC Equivalent Circuit Model of the RED System
The voltage established by the RED stack is of DC form. The DC equivalent model of the RED stack can be simplified as a DC source E stack that is in series with a DC internal resistance R stack , as shown in Fig. 3(a) . The voltage of E stack is equal to the open-circuit potential. The internal resistance R stack is related to the internal resistances of membrane piles, water compartment and eletrodes. The high step-up converter can be seen as a kind of load resistance R L . E stack and R stack can be derived from the polarization curve of the RED stack as shown in Fig. 3(b) . R stack is determined by the slope of the polarization curve.
To extract the maximum power or near maximum power from the RED stack, the load resistance R L must match the internal DC resistance of the RED stack. The suitable load resistance range can be derived by combining the polarization curve and power curve of the RED stack. If over 99% of maximum P L is guaranteed to be extracted, the load resistance R L should be a value between R L 2 and R L 1 as shown in Fig. 3(b) . Besides, in this case, the output voltage range of the RED stack (input voltage range of the high step-up converter) is from V L 1 to V L 2 . Thus, for the high step-up converter, the requirements include: (a) the equivalent resistance R L of the converter should be in the To improve the stability of the RED system, different working conditions of the RED stack must be considered in its design. Both the polarization curve and power curve are varied in different working conditions. Thus, to achieve maximum or near maximum output power of the RED stack, different R L ranges should be met in different working conditions. Assume R L 1(design) is the maximum value of R L 1 in all possible working conditions and R L 2(design) is the minimum value of R L 2 in all possible working conditions . When the equivalent DC resistance R L of the converter is in the range of
, the RED system can achieve maximum or near-maximum output power extraction in all possible working conditions. The corresponding range of the input voltage of the converter can be found by mapping the resistances range (R L 1(design) to R L 2(design) ) to the polarization curves. In these corresponding range, the minimum input voltage determines the minimum required voltage gain of the converter, the maximum input voltage determines the voltage rating of the components in the converter. Besides, the power rating of the converter should be over the maximum output power of the RED stack under these different working conditions. In this way, the voltage rating, power rating, required voltage gain and equivalent resistance of the converter which are appropriately suited for different working conditions, can be derived based on the polarization curve and power curve of the RED stack.
B. AC Equivalent Circuit Model of the RED System
The AC equivalent circuit model of the RED system is useful for the design of the buffer capacitor inserted between the RED stack and the high step-up DC/DC converter to prevent harmonics current being injected into the RED stack. Fig. 4 shows the proposed AC equivalent circuit model of the RED system, of which Z RE D is the AC impedance of the RED stack, i F ac is the AC equivalent current source representing the harmonic currents that are injected into the system by the high step-up DC/DC converter and Z C in is the impedance of the buffer capacitor. One important component of the AC equivalent circuit model of the RED system is the AC impedance Z RE D of the RED stack. Best to the authors' knowledge, there is no reported paper describing the AC impedance of the RED stack. This will be the first time the AC impedance measurement of the RED stack is reported. The AC impedance can be measured by an impedance analyzer with auxiliary circuit. The RED stack is measured at the maximum output power point as determined by the power curve of the RED stack.
The AC current flowing into the RED stack is
The percentage m% of i F ac being injected into the RED stack will be governed by
The buffer capacitor value should meet the equation (2) based on the current ripple tolerance and the impedance of specific RED stack.
IV. DESIGN DEMONSTRATION OF A SPECIFIED RED SYSTEM
A design demonstration for a specified RED system is illustrated in this section. Assume the specified RED system is designed for a 110 V, 60 Hz AC power system. Then, the output voltage of the RED system connecting the DC link must be over 155.6 V.
A. Electrical Characteristics of the Specified RED Stack 1) Specified RED Stack:
The operation principle of the RED stack adopted in the proposed system is well-described in the literature [2] , [5] . The specified RED stack is mainly built up of two square plates made of PMMA (poly(methyl 2-methylpropenoate)) and a pile of membranes placed in between. The membrane pile comprises 30 pieces of the anion exchange membranes and 31 pieces of the cation exchange membranes (active area 10 × 10 cm 2 ) that are piled in an alternative manner. Two pieces of titanium mesh electrodes (mesh size 1.0, area 10 × 10 cm 2 ) coated with Ru/Ir oxide are inserted in the plates. The flow rates of the two water streams and electrolyte are controlled by three peristaltic pumps at constant values of 420 mL/min. Redox couple of K 3 F e(CN ) 6 /K 4 F e(CN ) 6 is recycled through the external loop to provide electrons.
The specified RED stack works on high-concentration solution of 1.2 mol/L NaCl, low-concentration solution of 0.02 mol/L NaCl, and at feed solutions' temperature of 25
• C. The polarization curve and power curve of the RED stack for the standard condition are plotted as shown in 
2) Modeling and Analytical Results of the RED Stack under Different Working Conditions:
The theoretical open-circuit voltage of an RED stack with N cell pairs is the sum of the electromotive force over all the cation exchange membranes and anion exchange membranes, which can be derived using Nernst equation [23] as:
where α is the permselectivity of the ion exchange membrane with the subscript AEM and CEM referring to the anion exchange membrane and cation exchange membrane, respectively, R is the gas constant (8.314 J/(mol K)), T is the absolute temperature (K), F is the Faraday constant (96,485 C/mol), and c represents the concentration of feed solutions with the subscripts representing either the high-concentration solution and low-concentration solution.
The voltage of the stack is also related to the voltage losses due to the internal resistances of the membrane piles, water compartment and electrodes. The output voltage is proportional to the current in the circuit and is expressed as
Here, I is the current in the electrical circuit of RED stack and external load, and R stack refers to the total internal resistance of the stack, and is given as Here, A is the effective area of an individual ion exchange membrane contacts with the feed water,R AE M andR C E M are respectively the averaged area resistance of anion exchange membrane and cation exchange membrane, d is the unitary inter membrane distance of water compartments, c h and c l are the conductivity of high-concentration and low-concentration solutions within the compartments respectively, R el is the resistance of the electrode and f is the negative effect of spacers on the water compartment resistance [31] . The relationship of solutions' temperature T and the corresponding conductivity c h and c l are assumed to be linear at 2.1%/ • C. Based on equations (3)- (5) and the experiment results given in Fig. 5(a) and (b) , the polarization and power curves of the RED stack under different working conditions are derived as shown in Fig. 5(c) to (h) . The parameters of the specified RED stack under different working conditions are summarized in Table I .
3) AC Impedance of the RED Stack: The AC impedance of the RED stack is measured at the maximum output power point of the RED stack, which is at output voltage of 2.53 V and output current of 0.33 A. Three different voltage levels of the AC voltage source V ac (peak-to-peak values are 0.125 V, 0.62 V, and 1.25 V respectively) are applied in this set of measurements. The magnitude and phase angle of the RED stack's AC impedance versus frequency are plotted in Fig. 6 . It shows that the AC impedance of the RED stack is consistent with negligible difference under various voltage level of AC source. It means the AC impedance of RED stack is quite stable for different levels of injected harmonic components. The self-resonant frequency (the point that impedance phase is zero degree) is around 6.5 kHz.
B. High-Gain Step-Up DC/DC Converter
Given the existing RED stack, under the different working conditions and at its maximum or near maximum output power points, its output voltage will be in the range of 2 V to 3 V. To boost the voltage to 155.6 V, the voltage gain of the high step-up DC/DC converter should be 51.9 times (for 3 V) to 77.8 times (2 V). With consideration of such high voltage gain, the efficiency, the cost and the power rating of the RED stack, resonant converter that comprises a high-switching-frequency resonant inverter and a rectifier is adopted in this RED system. Fig. 7(a) shows the schematic diagram of the converter. A buffer capacitor C in is inserted in between the RED stack and the high step-up converter as shown in Fig. 7(a) . The operating principle and the design considerations of this converter are described in [18] , [19] . Only brief aspects of the design related to the RED application are summarised here.
1) Operating Principle of Inverter Stage:
The network comprising L F , C p , L r 2 and C r 2 is designed to achieve appropriate voltage stress across the active switch S 1 and a low switching loss that is resulted from zero-voltage switching (ZVS). L r 2 and C r 2 are designed to resonate at 2nd harmonic frequency f 2 . C r 1 and L r 1 are designed to resonate near the switching frequency f s . This resonant tank boosts the output voltage V s by amplifying the fundamental component of V D S by R e q 2π f s L r 1 times. Here, R eq is the equivalent input resistance of the diodecapacitor rectifier with the load. V s contains a high level of fundamental frequency component and low levels of 3rd and 4th harmonic frequency components, which increase the peak value of V s (see Fig. 7(b) ). (where ω s = 2πf s ), which has been reported in [18] .
C. Parameters Design Based on Equivalent Circuit Models
The requirements for converter's voltage rating, power rating and voltage gain can be derived based on the DC equivalent circuit model of RED system. Different working conditions of RED stack shown in Table I are considered to design the RED system. If the RED stack is to work at the maximum or nearmaximum output power point (≥99% of the maximum P L ), then R L should be in a range of R L 1 to R L 2 as shown in Fig. 3(b) . Based on the polarization curves and power curves given in Fig. 5 , the values of R L 1 and R L 2 , which represent the equivalent input resistance ranges for different working conditions of the RED stack, can be found and are shown in Table II . Taking into consideration of all the working conditions of the RED stack, for the converter design,
, the RED system will achieve maximum or near-maximum output power extraction for all the possible working conditions.
The corresponding range of input voltage of the converter can be found by mapping the resistances (R L 1(design) and R L 2(design) ) to the polarization curves in Fig. 5 . These voltage values are shown in Table II . The minimum possible input voltage is 2.39 V, which is generated when the RED stack is working in condition 1(b). This voltage value defines the minimum voltage gain required for the converter. As the RED system is designed for a 110 V AC power system, the voltage gain of the converter should be at least 65.1 times to boost the input voltage of 2.39 V to be over 155.6 V. As the voltage gain should be over 65.1 times, 67 times voltage gain is adopted here for the converter. As illustrated in [18] , there should be a optimal voltage gain combination for the converter to achieve an optimal efficiency. A simulation study is conducted for the circuit. Fig. 8 shows the variation of efficiency for different combinations of voltage gains of the inverter stage (M inv ) and rectifier stage (M rec ). Thus, to get an optimal efficiency of the converter with 67 times voltage gain, the voltage gain of the diode-capacitor rectifier stage adopted in this converter is around 9 times (9 capacitors and 9 diodes are adopted in this stage).
From the Table II , the maximum possible input voltage is found as 2.74 V, which is generated by working condition 1(a). This voltage value determines the voltage rating of the components. At the maximum output voltage of 2.74 V and voltage gain of 67 times, the output voltage will be 183.6 V. Thus, for the diodes and capacitors (except capacitor C 1 ) in the diode-capacitor rectifier, the voltage rating should be The load resistance R o of the converter can be calculated as
, where η is the efficiency of the converter, P in is the maximum output power of the RED stack, and V o is the output voltage of the converter. To achieve maximum output power extraction, the grid-connected inverter must be operated to have an equivalent DC input resistance of R o .
The design of the buffer capacitor can be based on the AC equivalent circuit model in Fig. 4 . The switching frequency of the converter in the proposed system is set at 500 kHz. According to Fig. 7 , the AC impedance Z RE D at 500 kHz frequency is 6.35 ∠ 18.5
• Ω. Based on the equation (2), if a 47 μF WCAP-ATG8 series capacitor (of which the effective impedance at 500 kHz when the capacitor is biased at 2.5 V DC at 25
• C, is measured as 0.187 ∠ −13. 
V. EXPERIMENTAL RESULTS
The parameters of the high-gain step-up DC/DC converter is designed based on the discussion given in Section IV-C. The parameters are given in Table III . The buffer capacitor adopted is a 47 μF WCAP-ATG8 series capacitor. The switching frequency is 500 kHz. The driver circuit of the converter is shown in Fig. 9 . To verify the voltage gain, the converter is first tested with a programmable DC input power supply. Experimental results of the output voltage and input power versus the input voltage are plotted as illustrated in Fig. 11 . Fig. 11 shows that even when the converter is working at the minimum input voltage of 2.39 V (minimum value of V L 1 in Table II) , the output voltage is 161 V, which is above the required voltage of 155.6 V. Fig. 12 shows the measured input power versus input current (the brown line) plot of the converter and the power production versus the output current plots of the RED stack under different working conditions. According to Fig. 12 , a power of 99.93%, 99.9%, 99.63%, 99.45%, 99%, 99.6% and 99.33% of the maximum power can be extracted from the RED stack under the standard condition and condition 1(a), 1(b), 2(a), 2(b), 3(a), and 3(b), respectively. Thus, when the concentration or feed solution temperature fluctuates at ±20%, the converter is capable of operating the RED stack at the maximum or near-maximum power point. Fig. 10 shows the prototype of the RED system. The stepup converter is tested together with the RED stack. Under the standard working condition, the output voltage of the RED stack is 2.53 V, and its output current is 0.33 A and output power is 0.84 W, indicating that the RED stack is working at its maximum output power point. The output voltage V o of the system is 170.4 V. The voltage gain of the DC/DC converter is 67.3 times and the efficiency of the converter is 85.3%. As 99.93% of the maximum power is extracted from the RED stack, the efficiency of the whole RED system is 85.24%. Fig. 13(a) and (b) show the output current of the RED stack, the output voltage and the driving signal of the converter. The output voltage V o of the RED system is 170.4 V, and the ripple is 2.4 V, which is 1.4% of V o . The output current i in of the RED stack is around 330 mA, and the current ripple is 20 mA. The current ripple of i F is 0.6 A as shown in Fig. 13(c) . Thus, the ratio between ripple of i in and i F is 3.3%, which is a slightly higher than the theoretically designed m% value of 2.9%. The discrepancy is attributed to the presence of parasitic impedances in the circuit and highorder harmonics in the current. Fig. 13(d) shows the output voltage V s of the resonant inverter stage and the voltage across the capacitors in the rectifier stage of the DC/DC converter. As mentioned in the discussion, the positive peak value of V s is slightly higher than the negative peak value due to the voltage harmonic components. The voltage V C 2 across capacitor C 2 is almost twice of that across capacitor C 1 which verifies the operation of the rectifier. vested, this estimated figure signifies the huge potential of the RED technology, particularly when there is much scope for increasing the power per square meter in membrane technology.
VI. CONCLUSION
In this paper, a configuration of RED system (RED stack with high-gain step-up DC/DC converter) suitable for grid-interface is proposed. The characteristics of the RED stack under different working conditions is derived and used for the design of the converter interface. The polarization curve and power curve of the RED stack, combining the DC equivalent circuit model of the RED system, are used to determine the maximum power range and the corresponding operating voltage range of the RED stack. These parameters serve as the input voltage and power rating of the converter. The proposed system comprises a buffer capacitor between the RED stack and the converter, which prevents harmonics produced by the converter from affecting the operation and lifetime of the RED stack. The buffer capacitor is designed using the AC impedance curve of the RED stack and the AC equivalent circuit model of the RED system. In the prototype, the RED stack works at maximum output power point and the converter achieves a voltage gain of 67.3 times and an efficiency of 85.3%. 
